Abstract. Mitigating sediment export from the forest road prism and potential delivery to forest
Introduction
The potential for accelerated sediment delivery from forest roads, over those typically observed under forested conditions, has been well documented in previous works (Anderson et al., 1976; Aubertin and Patric, 1974; Aust and Blinn, 2004; Authur et al. 1998; Binkley and Brown, 1993; Clinton and Vose, 2003; Grace, 2005; Grace and Clinton, 2007; Swift, 1984; Van Lear et al., 1995) . Roads are far from the undisturbed forest condition in terms of properties, erosion rates and erosion control methods. Roads exhibit characteristics, such as infiltration capacities, vegetative and surface cover, subsurface hydrology, and surface drainage patterns that are quite different from the undisturbed forest floor (Grace, 2005) . This fact makes forest road management a critical area in the sustainable development and management of the forest resource (Grace and Clinton, 2007) . Over the years, there have been investigations reporting accelerated soil erosion losses but only a few have linked these losses to sediment delivery (Elliot and Tysdal, 1999; Litschert and MacDonald, 2009; Rivenbark and Jackson, 2004) . However, some investigations have indicated that forest road erosion rates do not necessarily dictate that this eroded sediment reaches stream channels (Grace and Davis, 2010) . Elliot and Tysdal (1999) suggested that road length, road gradient, and soil type are the critical factors in forest road erosion. In addition, this work indicated that road proximity to the stream should guide the level of mitigation measures to control sediment delivery. Disconnecting the forest road from stream systems is one of the major focuses of forest road sediment control BMPs. These BMPs minimize the influence of roads on downslope water resources by incorporating proper drainage spacing, vegetating disturbed areas, retaining road storm runoff, and dispersing storm road runoff onto the forest floor to capitalize on its optimal runoff (and soil erosion) reduction characteristics. BMPs emphasizing retaining road storm runoff typically decreases sediment yield and the potential for sediment delivery. One such BMP relates to sediment control structures at lead-off ditch outlets to minimize runoff and sediment that has to be filtered by the forest floor.
This investigation was initiated to monitor and evaluate forest road erosion and the efficacy of sediment control structures in capturing sediments eroded from Southern Appalachian road sections. The specific objectives of the study were (1) to evaluate storm runoff and sediment loading associated with forest road sections in the Southern Appalachians, (2) determine and compare the runoff reductions achieved through sediment control structures, (3) compare the trap efficiency of three forest road sediment control structures in this application on Southern Appalachian road sections. This paper reports the hydrology and sediment loading of study road sections, runoff reductions, and trap efficiency results.
Methodology

Study Area Description
The study area is located within the Chattooga River District in the Chattahoochee-Oconee National Forest in northeast Georgia (35 o latitude and 83 o longitude) (Figure 1 ). The study road traverses an area denoted as Patterson Gap with an elevation of approximately 900 m above mean sea level. The temperate climate in the area is characteristic of the Central Appalachian Broadleaf Forest-Coniferous Forest-Meadow Province of the Appalachian-Cumberland Ecoregion (Bailey, 1980 (Bailey, , 1995 . Long-term average annual precipitation in the study area is 1800 mm with 65 percent as rainfall. Soils are Hayesville series (fine, kaolinitic, mesic Typic Kanhapludults) surface soil overlaying clay loam subsoils (USDA SCS, 1981) . 
Experimental Design
The experimental design was a randomized complete block design (RCBD) with blocking by road location (Figures 1 and 2 ). Three blocks, each containing three different treatments were used to investigate sediment delivery from the forest road and sediment basin effectiveness during a 6-year study period (Figure 2 ). Precipitation, storm runoff, and runoff concentrations were continuously monitored for the study area from September 2003 to September 2009. Precipitation was monitored with replicated recording tipping bucket rain gauges in combination with accumulating manual gauges. 
Storm Hydrology Monitoring
Road section hydrology and sediment concentration data were collected from 9 road sections with similar soils, forest cover, and road design for storm events the study period. The study and monitoring design were described by Grace (2006) . Storm runoff and sediment from nominal 50-m road sections was routed to road lead-off ditch through an inlet sampling station, a sediment control structure, and outlet sampling station before discharge onto the downslope forest floor. This component of the investigation concentrates on the inlet sampling station to determine hydrology and sediment yield from study road sections. Storm runoff volume and sediment concentrations were monitored at inlet sampling stations consisting of 1.8-m (6 ft) trapezoid approach section in combination with a 0.3-m (1-foot) trapezoidal flume, submerged probe flow level sensor and recorder, and a stormwater sampler (Figure 3 ). Outflow storm runoff volumes and sediment concentrations were monitored at the outlet sampling station which consisted of a 5:1 flow divider in combination with a runoff tipping bucket, event recorder, and stormwater sampler. Flow volume at the inlet and outlet sampling locations of each study treatment were measured continuously and logged at 5-minute intervals using data loggers. Inflow was determined using instantaneous flow level measurements upstream of the trapezoidal flume outlet. Outflow was determined by accumulating tips of the runoff tipping buckets after flow passed through the flow divider at the outlet of the sediment control treatment. The runoff coefficient, r c , was calculated as the ratio of storm runoff depth to observed precipitation for a given storm event. The runoff reduction ratio was calculated as ratio of sediment control structure inflow to outflow. 
Sediment Yield Monitoring
Sediment yield was monitored for the study road sections for storm events during the 6-year study period. Sampling periods typically consisted of more than a single storm event during the period covered by this study with the exception of larger storm events which required immediate attention. A composite storm sample was collected for sampling periods with stormwater samplers (Grace, 2006) . The composite samples were analyzed for total suspended solids (TSS) by gravimetric filtration (Method 2540D) (APHA, 1995) .
Data Analysis and Model Evaluation Procedures
Sediment yield (loading) from road sections was determined as the product of sediment concentrations and the associated flow volumes at the sampling locations for composited events. Observed hydrology and sediment yields were summarized for each of the study road sections for the study period. Storm runoff, sediment loading, and trap efficiency deviated from normality and were normalized using a logarithmic transformation before performing the analysis of variance (ANOVA). Data were tested for significant trends and differences with repeated measures analysis of variance (ANOVA) procedures using the Statistical Analysis Systems (SAS) statistical software (SAS Institute, 2004 ). Response variables were tested for treatment effects using SAS MIXED repeated measures procedures, with repeated collections over time. The least square means (LSMEANS) procedures were used to separate the means. Significant treatment effects in the response variables, in this analysis, were evaluated at either the 0.05 or 0.10 significance level using Tukey multiple comparison procedures to adjust pvalues to an experimental-wise error rate.
Results and Discussion
Precipitation for storm events observed during the study period from September 2003 -September 2009, totaled 5600 mm ( Figure 4) . A total of 156 observed storm events initiated runoff events from at least one of the nine road sections in the investigation over the study period. Mean precipitation for the observed storm events was 32 mm. Event storm intensities ranged from 0.3 to 80.0 mm/hr for the 156 storms observed in this investigation. The majority (70 percent) of these intensities were at the lower end of this range which is evident by the overall mean storm intensity for the events of 4.5 mm/hr. Some storm events were omitted from the analysis because they occurred during freezing periods and data are missing due to equipment malfunction. Flow monitoring equipment, and to a lesser extent precipitation monitoring equipment, did not perform satisfactorily during periods with temperatures less than 0 o C due to freezing of the submerged probes and within the tipping bucket apparatus. Due to the higher elevation of the study area, temperatures often dropped below this threshold temperature during the late fall and winter months (November -March). Precipitation in the form of rainfall occasionally occurred immediately following periods of freezing temperatures which resulted in the loss of a portion of the rising limb of the storm hydrographs until the equipment thawed and resumed accurate measurement of storm runoff.
In addition, one storm occurring in August 2004 and another two occurring in September 2004 were excluded from the analysis. The August 2004 storm overwhelmed the monitoring system and had missing precipitation record due to equipment malfunction. However, the incomplete data record indicates that greater than 200 mm of rainfall occurred during the storm. The two September 2004 storms totaled more than 250 mm each, which is greater than the 100-year, 24 hour rainfall for the study area. The equipment was designed for a 25-year, 24 hour design storm of 220 mm. The two September 2004 storms were associated with the remnants of Hurricanes Frances and Ivan which successively moved through the area during a two week period in mid-September. The remnant storm associated with Hurricane Frances (September 6-8, 2004 ) alone resulted in more than 350 mm or rainfall on the area in less than 36 hours. These two storms also overwhelmed the monitoring system and were excluded in the analysis. 
Storm Runoff
During the entire 6-year study period from September 2003 to September 2008, 156 precipitation events produced storm runoff from at least one of the nine road sections in the investigation. Storm runoff distributions deviated from normality and required normalizing using a logarithmic transformation before performing the ANOVA. The r c for road sections in the investigation were highly variable, ranged from a low value of 0 to a high value of 1.18. This variability was reflected in the high standard deviation for r c values of 0.27 for road sections in the investigation. The road sections were expected to have r c values less than 1.0 since runoff depth from bounded road sections emanating from a given precipitation event should be less than precipitation amount. However, values greater than 1.0 indicate that flow was contributed from either intermittent subsurface flow, from surrounding cutslopes, or upslope areas that are normally hydrologically disconnected from the delineated contributing area (road section area). This was the case for several events during the study period; 3 events for road section HB1 (1999) observed that in some cases, roads completely intersected water moving through the soil, whereas on nearby sites, other road segments allowed water to pass beneath the road. In our data set, it appears that SBR3 generally allows groundwater to pass under the road, and hence the total overall runoff (Table 1) , but during the biggest runoff event, there was more upslope lateral flow than could pass under the road, likely leading to the appearance that road runoff exceeded precipitation falling on the road surface. Observed storm runoff measured at the drainage outlet for study road sections during study period.
b Runoff coefficient = observed storm runoff / observed precipitation.
c Sediment load at the drainage outlets for road sections for observed storms.
The ANOVA detected no significant treatment or block effects on the runoff coefficients (r c ) variable in the investigation ( Table 2 ). The mean r c value of 0.17 for road sections was not detected as significantly different among the treatments (P>0.098). However, both significant treatment effects (P=0.004) and block effects (P=0.002) were detected in the analysis of inlet runoff volumes. The mean inlet storm runoff volumes were 7.2, 6.4, and 4.8 m 3 for HB, SB, and SBR treatments, respectively (Table 2 ). In order to remove the influence of road section area, inlet runoff was compared on the basis of storm runoff depths (runoff volume per unit road area expressed as a depth). The inlet runoff volumes on a depth basis were 50.3, 45.7, and 37.1 mm for HB, SB, and SBR treatments, respectively. The SBR treatment yielded less inlet runoff than the HB treatment (P=0.003), but was not significantly different from the SB treatment (P=0.133). Inlet storm runoff depths for the treatments exhibited high variability among events for road sections. The variability in inlet runoff depth was reflected in the outflow storm runoff depths which had a range from 0 to 233 mm. The mean outlet runoff depth was 2.7, 3.9, and 0.48 mm for HB, SB, and SBR treatments, respectively. Mean outlet runoff depth for SBR was significantly different from HB (P<0.0001) and SB (P<0.0001) treatments at the 0.05 significance level. However, outlet runoff depth between SB and HB treatments was not significantly different (P=0.335). The SBR treatment yielded 5 and 7 times less outlet runoff than HB and SB treatments, respectively. The results are consistent with conventional thinking that greater inlet volume would result in greater outlet volume for storm events above a given threshold. In this investigation, the threshold storm size (precipitation amount) was the design storm of 220 mm. However, our data suggest that the threshold value decreased over time for the treatments as the storage volumes decreased due to deposition of sediment within the treatment areas.
The runoff reduction capacity for treatments (reduction ratio) was evaluated in this analysis by comparing the ratio of treatment inlet runoff to outlet runoff (Table 3) . This measure provides additional evaluation criteria for the treatments investigated in this work by looking at the efficacy of sediment control treatment in reducing inflow volumes. The mean reduction ratios were 104:1, 98:1, and 67:1 for HB, SB, and SBR, respectively. The treatment reduction ratios were not detected as significantly different (P=0.634).
Trap Efficiency
Sediment loads, runoff concentrations, runoff reductions, treatment containment, and trap efficiency over the study period for the treatments are presented (Table 3) . Sediment loading at the inlet location was an order of magnitude greater for the HB treatment which had a mean value of 180 kg. The SBR and SB treatments were not different in relation to sediment loading at the inlet location with means of 3.6 and 7.3 kg, respectively. The greater sediment loading for the HB treatment is attributed to the consistently greater sediment loading for each of the three HB road sections, and this is likely due to the greater plot areas and greater runoff depths for this treatment (Table 1) . This result was not expected due to experimental design blocked on road location to prevent confounding effects of road location (i.e. differences in precipitation patterns, topography, road standard, soils, drainage, traffic, elevation, etc.). Due to the close proximity of treatments within a block, confounding effects related to road location are not suspected to have caused the significantly greater sediment loading observed from HB road sections. The random permutation used to selected treatment locations in the RCB design did result in the HB treatment appearing at the most remote location for two of the three treatment blocks (B2 and B3) (Figure 2 ). This alone does not explain the increased loads at HB locations since B1 yielded runoff and sediment loads that were less than those in B2 and greater than in B3. The increases observed on the HB treatment can likely be attributed to either seepage, a changing boundary condition, or a steeper road grade. The greater runoff combined with larger plot size for this treatment may have been enough to result in more storms where ditch flows were sufficiently great that the critical shear of the ditch material was exceeded. Once critical shear is exceeded, concentrated flow erosion can occur, significantly increasing sediment detachment and delivery.
The analysis of trap efficiency data found significant treatment effects at the 0.10 level of significance. Trap efficiency of the SBR treatment was 99 percent and was significantly greater than the SB efficiency of 94 percent (P=0.0795). The SBR treatment mean trap efficiency was not significantly different (α = 0.10) from the HB mean trap efficiency of 97 percent (P=0.738). Similarly, the HB mean trap efficiency was not different from the SB treatment (P=0.195). The high trap efficiencies were primarily due to the large runoff reduction capacities (as much as 104:1) exhibited by the treatments. These reduction capacities likely had an influence despite the failure of the analysis to detect significant differences in the reduction ratios. Storm to storm variability in reduction ratios influenced the ability of the analysis to detect treatment differences. Standard deviations in the ratios ranged from 250 for the SBR to 2200 for the SB treatment, with the HB ratio standard deviation being 1800. The HB treatment had the greatest outlet runoff concentrations and a mean outlet concentration (810 mg L ). The relatively high mean outlet runoff concentration was influenced by the reduction in runoff observed for the treatment.
Trap efficiency for treatments in this investigation was directly related to inlet runoff parameters (runoff volume and concentration). The SBR had the greatest mean inlet runoff concentration, which increased the potential for concentration reductions with runoff detention. The deposition rate is greatly increased with increasing detention time particularly with inlet concentrations as high as seen in the SBR treatment. Inlet runoff with higher concentrations potentially have a greater quantity of sediment to be retained (and thereby greater trap efficiency) by the sediment control treatments in this investigation. The SBR had a mean inlet runoff concentration (900 mgL -1 ) nearly twice as great as the SB treatment (540 mgL -1 ) which represents twice the sediment load for a given quantity of runoff volume. Based on this result, we would expect greater trap efficiency for the SBR given similar outlet runoff concentrations and less outlet runoff volume. The high sediment concentration of the SBR plots may have also been influenced by the low runoff rates, increasing retention time and trapping efficiency in the SBR basins.
Summary and Conclusions
The capacities of three sediment control BMPs to reduce storm runoff and retain (trap) sediment were compared on Southern Appalachian forest road sections during a 6-year study period. The three sediment control BMPs in this comparison included hay bale barrier (HB), sediment basin (SB), and sediment basin with riser control (SBR) treatments. Storm characteristics and runoff (inlet and outlet) were monitored from 9 locations blocked by road location for 156 storm events during the study period. From this study, we conclude that the sediment control structures reduced runoff by more than 98 percent and the sediment delivery by 94 to 97 percent. The high variability within and between treatments made it difficult to discern differences in sediment control effectiveness. The large reductions in runoff mean that a much smaller buffer may be needed to absorb road runoff and minimize sediment delivery if sediment control structures are installed.
